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Gaþ Focused Ion Beam-Scanning Electron Microscopes (FIB-SEM) have revolutionised the level of micro-
structural information that can be recovered in 3D by block face serial section tomography (SST), as well as
enabling the site-speciﬁc removal of smaller regions for subsequent transmission electron microscope (TEM)
examination. However, Gaþ FIB material removal rates limit the volumes and depths that can be probed to
dimensions in the tens of microns range. Emerging Xeþ Plasma Focused Ion Beam-Scanning Electron Micro-
scope (PFIB-SEM) systems promise faster removal rates. Here we examine the potential of the method for large
volume serial section tomography as applied to bainitic steel andWC–Co hard metals. Our studies demonstrate
that with careful control of milling parameters precise automated serial sectioning can be achieved with low
levels of milling artefacts at removal rates some 60 faster. Volumes that are hundreds of microns in di-
mension have been collected using fully automated SST routines in feasible timescales (o24 h) showing good
grain orientation contrast and capturing microstructural features at the tens of nanometres to the tens of
microns scale. Accompanying electron back scattered diffraction (EBSD) maps show high indexing rates sug-
gesting low levels of surface damage. Further, under high current Gaþ FIB milling WC–Co is prone to amor-
phisation of WC surface layers and phase transformation of the Co phase, neither of which have been observed
at PFIB currents as high as 60 nA at 30 kV. Xeþ PFIB dual beam microscopes promise to radically extend our
capability for 3D tomography, 3D EDX, 3D EBSD as well as correlative tomography.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
A great deal of information about the three dimensional (3D)
nature of materials can be obtained by the analysis of orthogonal 2D
sections, but there are many cases where full 3D characterization is
required. For example, when evaluating the interconnectedness of
various types of networks, such as pores in fuel cell materials [1],
vasculature in biological systems [2], corrosion ingress [3] as well as
the complex morphology of percolating two phase systems [4]. Non-
destructive techniques such as X-ray computed tomography (CT),
positron emission tomography (PET) and nuclear magnetic reson-
ance imaging (MRI) all offer 3D imaging capability. Furthermore, by
repeatedly acquiring images they enable time-lapse CT, so-called 4Dr B.V. This is an open access article
iversity of Manchester, Man-
Withers).studies [5,6]. These techniques, however, are limited both in terms of
spatial resolution and in the types of contrast they can provide.
Consequently, imaging across multiple length scales often relies
upon scanning and transmission electron microscopies (SEM and TEM
respectively) to provide information at sub-micron scales. In cases
where high spatial resolution information is required in 3D, serial
sectioning routines have been successfully applied to collect stacks of
2D images which can be aligned in sequence to build up a 3D image of
the specimen. Sectioning methods vary according to the slicing
methodology and the imaging technique employed, including; me-
chanical polishing and optical imaging [7], ultramicrotomy [8], laser
machining [9], Broad Arþ Ion Beam (BIB)1 milling [10,11] or Gaþ FIB2
machining [12,13] and SEM imaging (Fig. 1). Dual beam FIB-SEMunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1 Hereafter abbreviation BIB refers to Arþ BIB.
2 Hereafter abbreviation FIB refers to Gaþ FIB with liquid metal ion source
(LMIS).
Fig. 1. 3D imaging methods for materials science (non-destructive methods re-
presented by dashed lines; * – for soft materials only), after [18].
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allow both high-resolution imaging and ﬂexible micromachining
within a single instrument facilitating automated workﬂows. The 3D
analysis can be further extended down to sub-nanometer resolution
through the use of TEM tomography [14,15] and atom probe tomo-
graphy [16,17].
Recently correlative tomography has been proposed [19] aimed
at following the same volume of interest (VoI) across multiple
scales and imaging modalities in much the same way that corre-
lative microscopy has been applied to surface imaging [20]. From
this viewpoint the FIB-SEM is important because it enables the
site-speciﬁc extraction of volumes identiﬁed by non-destructive
3D imaging techniques (e.g. X-ray CT) for subsequent higher re-
solution examination. However, as is evident from Fig. 1 the FIB
provides access only to depths and volumes of interest tens of
microns in dimension.
Consequently there is a need for a tool with the site-speciﬁc
precision of a FIB, but with the ability to excavate and serial sec-
tion larger volumes. Laser techniques are capable of much faster
material removal rates and can excise millimetre-sized regions,
however, the surface damage induced by the laser often requires a
subsequent polish with a FIB or BIB prior to microstructural ex-
amination [9,21]. Nevertheless, for millimetre-sized volumes laser-
based methods are likely to emerge as the tool of choice. Plasma
Xeþ FIBs3 have been employed for some time, especially in the
electronics industry, for milling materials at the hundreds of mi-
cron length scale [22–28]. Recently plasma focused ion beams
have been coupled with scanning electron microscopes to form so-
called PFIB-SEM dual beam microscopes [29], but to-date their
capabilities and applications have not been systematically re-
ported in the archival literature.
There are many possible ion beam chemistries and source types
that can be applied [30]. Here our discussion is limited to the
magnetically enhanced inductively-coupled Xenon plasma ion
source (ICP) [30]. The ability of a two lens ion beam column is
limited to a demagniﬁcation of the source by 200 to provide a3 Hereafter PFIB refers to Plasma Xeþ FIB microscope with Inductively Coupled
Plasma gun (ICP).focussed ion beammeans that it is largely the characteristics of the
source (virtual) spot size that will determine the ﬁnal beam dia-
meter. Fig. 2b shows the spot size (d50) as a function of the beam
current [26] and shows that for currents, I, above 60 nA the spot
size for the PFIB is smaller than that of the Gaþ liquid metal ion
source (LMIS), meaning that for the same focussing optics, a ﬁner
PFIB spot can be achieved. The small and divergent nature of the
LMIS source means that at higher currents the spot size is domi-
nated by spherical aberration resulting in a non-Gaussian beam
shape with large tails. The result is that for currents greater than
5 nA the spot size increases signiﬁcantly. The Xeþ ICP source is
broader but collimated, such that it demonstrates superior angular
intensity compared to the Gaþ LMIS, making it more suitable for
high current milling as the effects of spherical aberration are not
realised [26,31]. This makes the attainment of currents in the μA
range possible which is not possible with a LMIS whilst retaining a
focussed beam (See Fig. 2b). (NB: LMIS is capable of spot sizes
o5 nm and for the Xeþ ICP 20 nm has been demonstrated [32]).
Another important factor is the efﬁciency of sputtering in the PFIB
compared with the FIB. Previous work (see Table 1) has quantiﬁed
the difference in sputter rates when comparing the Gaþ to the
Xeþ beams for a range of materials via experiment and Stopping
and Range of Ions in Matter (SRIM) modelling [33,34]. The general
trend is for moderately (10–30%) higher sputter rates per coulomb
for the Xeþ compared to the Gaþ beam. Of particular note is the
300% higher sputter rates for Cu and 30–50% higher sputter
rates for Si by the Xeþ beam compared to the Gaþ beam. GaAs is
the exception to this trend, for the materials investigated, showing
higher sputter rates for Gaþ . The result is that the same current
will generally lead to somewhat higher removal rates when using
Xeþ . The SRIM results capture the fact that Xeþ is a more massive
ion than the Gaþ and results in more atoms of material ejected
from the target per incident ion. SRIM also indicates a shallower
depth of penetration of the Xeþ ions, for example the penetration
of Gaþ and Xeþ in Si is 24 nm and 28 nm respectively at 30 kV.
Clearly faster milling rates are not advantageous if the milling
damage requires additional polishing steps. Previous studies on
silicon at glancing angle incidence have shown that the depth of
damage introduced by the Xeþ Plasma FIB in silicon created 20–
40% less damage than that measured from a Gaþ FIB prepared
surface [35]. The depth of amorphous damage was recorded as
22 nm at 30 kV and 3.1 nm at 5 kV for grazing incidence milling
using Gaþ FIB and 13 nm at 30 kV and 2.4 nm at 5 kV using Xeþ
FIB measured in the TEM (see Fig. 3).
Electron backscatter diffraction (EBSD) information is only
generated from a depth of a few tens of nanometres and is no-
toriously sensitive to the surface condition [36] and thus EBSD
quality can provide a good indicator of beam damage. Recent EBSD
results [24] suggest that the PFIB is capable of producing a good
quality surface indicative of low damage milling.
It is clear that for Gaþ milling, in addition to the physical da-
mage that is imparted into the material, there is also the possibi-
lity of chemical interactions, most notably the formation of inter-
metallic phases. For example Cu3Ga [37] and the well-known grain
boundary embrittlement of Al alloys [38,39]. The noble nature of
the Xeþ discounts this possibility and as such makes it an at-
tractive alternative to Gaþ for materials which are chemically
sensitive to Gaþ e.g. Al, Cu and Ga containing materials.
The reality is that for the creation of cross sections and TEM
lamellae normal incidence milling of the samples is always avoi-
ded where possible and protective metallic layers employed where
this is not possible [40]. This approach of grazing incidence milling
has repeatedly shown that the depth of damage can be reduced to
practically negligible levels with the use of low kV polishing
completing the process [41].
Lastly the creation of largely artefact-free deep cross sections
Fig. 2. (a) 3D serial section volumes of a stainless steel collected using the PFIB-SEM (59 nA at 30 kV, 100 nm slice thickness) and a FIB-SEM (1 nA at 30 kV, 25 nm slice
thickness) in similar times, (b) Comparison of the spot size, d50, as a function of the beam current, I, for Ga FIB and Xe PFIB [26]. d50 is the beam width containing 50% of the
beam current.
Table 1
Measured and modelled sputter rates for Gaþ and Xeþ ion beams at 30 kV.
Material Sputter rate measured (μm3
/nC)
Sputter rates calculated from SRIM
(μm3/nC)
Gaþ Xeþ Gaþ Xeþ
Diamond 0.09 0.11 0.07 0.09
Si 0.22–0.27 0.35–0.42 0.27 0.37
Al 0.31 0.41 0.37 0.5
Ti 0.31 0.32 0.26 0.28
GaAs 0.86 0.61 1.45 1.61
Cu 0.15–0.55 1.1–1.6 0.69 0.85
Epoxy resin 0.3 0.31 – –
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surface quality can be achieved using the PFIB in combination with
a rocking milling technique (the rocking milling routine is de-
scribed in detail in Section 2.3). In essence; the rocking polish
replaces milling from a top–down (vertical) direction, as com-
monly employed in the FIB, and employs two different milling
directions a few degrees either side of the vertical milling direc-
tion applied for alternate slices. Rocking milling has also been
shown to reduce the roughness of the surface from 400 nm
RMS4 to 50 nm RMS for a 150 μm deep cross section of a copper
through silicon via (TSV) [24], as measured by atomic force
microscopy.
In summary, work to date has shown that a combination of the
higher currents available for the PFIB, the generally higher sputter
rates and the reduced physical and chemical damage has meant
that it is possible to achieve 20–60 faster milling compared to
the FIB [24,42].
Herein we explore the potential of PFIB milling for the acqui-
sition of large (4100 μm) 3D volumetric datasets using one of the
ﬁrst FEI Helios PFIB dual beam microscopes. We present a com-
parison of cross section preparation for a well-characterised hard
metal (WC-11 wt% Co), known to be a difﬁcult material to prepare
using conventional Gaþ FIB milling [4]. We discuss in detail the
EBSD results recorded from the PFIB prepared cross sections of the
hard metal compared directly with results on FIB prepared slices
collected on the same region of interest and under the same EBSD
conditions. Secondly we present large volume serial block face4 RMS – Root Mean Square.sectioning results for the microstructural examination of defects,
grain structures and ﬁne carbides for a sample excavated from
near the fracture surface from a fractured sample of an A508 Grade
3 reactor pressure vessel steel. Finally we look at the potential of
the PFIB-SEM for correlative tomography. Consideration of the
process and low kV polishing conditions pertinent for TEM pre-
paration is not discussed explicitly here.2. Experimental
2.1. Materials
A WC–Co hard metal was selected to study Xeþ induced da-
mage because previous experience has shown that WC–Co is a
difﬁcult material to Gaþ FIB mill due to beam induced amorphi-
zation of the WC surface (affecting the electron backscatter dif-
fraction (EBSD) pattern quality) and a propensity for the Co phase
to transform under the beam [4,12]. It has been carefully char-
acterised previously by conventional milling techniques including
mechanical polishing [4], FIB [4,12] and BIB [4,10,11] polishing. A
WC–Co hard metal containing 11 mass% Co was produced by
Marshalls Hard Metals Ltd. using conventional powder me-
tallurgical methods involving both solid state and liquid phase
sintering giving coarse WC grains, the grains range in size from 1–
15 mm [10,11]. The grains of the binder Co phase extend over much
larger distances than the size of the WC particles, sometimes up to
1 mm in size [43] creating complex grain geometries.
In order to examine the 3D imaging capability a core taken
from the fracture surface of a compact tension sample of A508
Grade 3 pressure vessel reactor steel [44] was examined. The
sample failed due to ductile tearing. The prepared core captured
the fracture surface at one end and material below the fracture
surface for the full thickness of the compact tension specimen.
X-ray computed tomography (CT) has previously been used to
characterize large cavities 410 μm in width and the PFIB was
applied to provide higher resolution tomography to measure the
distribution of ﬁner pores.
2.2. Sample preparation and data acquisition set up
An FEI Helios PFIB Dual Beam FIB-SEM was used at an accel-
erating voltage of 30 kV for all experiments. A new version (1.6) of
Fig. 3. TEM images showing the depth of amorphization of Si prepared at 30 kV, 5 kV and 2 kV comparing results from Xeþ and Gaþ FIB at 30 kV, 5 kV and 2 kV [35].
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polish (described in Section 2.3) in to an automated routine was
used for the serial sectioning. All EBSD data was recorded using
Oxford Instruments NordlysNano EBSD detector and Aztec
software.
3D visualization of the serial section and X-ray CT data was
conducted using Avizo 9.0.0 software.
The cross-section of the WC-11 wt% Co sample for EBSD ana-
lysis was also prepared using PFIB at 59 nA and 30 kV but without
the rocking polish to maintain a fair comparison with the FIB
prepared cross sections. Surfaces for EBSD mapping of the same
WC-11 wt% Co sample were also prepared using an FEI Nova Na-
noLab FIB using a Gaþ LMIS source at 30 kV and currents of 20 nA
and 1 nA. To provide a benchmark for comparison a Gatan Ilion
Arþ Broad Ion Beam (BIB) Precision Polishing and Etching System
(PECS) was also used to prepare a surface of the WC-11% Co
sample by removing 250 nm of material. A three-step polishing
procedure in 2103 Pa vacuum used a range of BIB conditions:
(i) 610 mA at 10 kV for 32 min., (ii) 450 mA at 7 kV for 10 min., and
ﬁnally (iii) 350 mA at 6 kV for 10 min. The sample was rocked
continuously by 7 30° at a rate of 12 oscillations/min, with the
sample surface exposed to BIB at glancing angle.
For all the differently prepared surfaces of the WC-11 wt% Co
sample identical EBSD acquisition parameters were used to allow
direct comparisons. EBSD maps were collected at 20 kV, 4 nA
current and 14 mm working distance. The following EBSD condi-
tions were used: 50 nm step size, 6 ms dwell time, averaged
frames 1, 44 binning, 12 bands, RA and Hough¼50 giving an
acquisition rate of 164 Hz.
3D serial sectioning was conducted on a block of WC-11 wt%Co
hard metal 15012080 mm3 in size. 790 slices were acquiredusing the PFIB at 30 kV and 59 nA. Each 100 nm thick slice took
2 min and 12 s to cut. A rocking polish of 75°, determined ex-
perimentally before the actual data collection, was used. SEM
images 61444096 in size were collected using 2 kV and 2.8 nA
using the through-lens detector (TLD), giving a pixel size of 30 nm
These images were collected with a dwell time¼6 ms and a single
frame acquisition taking 3 min per image. Overall it took 65 h to
acquire the whole data set making this experiment completely
impractical if using the Gaþ FIB.
For the A508 Grade 3 reactor pressure vessel steel X-ray CT
imaging was conducted using a Nikon Metrology 225/320 kV
Custom Bay system. The voltage used was 80 kV and the current
130 μA. 3142 projections were acquired with an exposure time of
1 s per projection. The entire volume was reconstructed at full
resolution using a FDK reconstruction algorithm associated with
the acquisition hardware. The resolution of the reconstructed vo-
lume was (2 μm)3.
Using measurements and orientation from the X-ray CT data a
site for serial sectioning was prepared using the PFIB to capture a
particular region of interest where a large pore 0.5 mm below
the fracture surface could be seen (see Fig. 4a). The methodology
to achieve this is described in detail by Burnett et al. [45]. Using
30 kV and a current of 1.3 μA the top as well as the sides and the
front of a block were prepared ready for serial sectioning. For the
preparation of the top of the block 470 nA and 180 nAwere used in
sequence to ensure a smooth top surface. 470 nA, 180 nA and ﬁ-
nally 59 nA were used to prepare the front of the block face all at
30 kV.
A block of dimensions 135 μm across and 115 μm deep of
the A508 Grade 3 sample was serial sectioned. A total of 186 slices
were recorded with each 80 nm thick slice taking 6 min 20 s
Fig. 4. (a) A virtual section from the X-ray CT data for the 0.5 mm diameter core machined from below a fracture surface caused by ductile fracture of a A508 Grade
3 pressure vessel reactor steel compact tension specimen [32], (b) SEM image showing the same region being prepared by PFIB milling ready for serial sectioning.
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55 s predominantly milling time and some limited stage move
time (o10 s). Serial sectioning of this sample was conducted using
59 nA current and 30 kV acceleration voltage. It was determined
experimentally that a beam current of 59 nA was appropriate for
serial section milling to obtain a surface ﬁnish of sufﬁcient quality
to then image the microstructure using the TLD detector. A rocking
mill angle of 74° was used (see Section 2.3). SEM images were
collected using 2 kV, 800 pA and the through lens detector (TLD), a
horizontal ﬁeld width of 160 μm with a resolution of 61444096
gave a pixel size of 26 nm.
Both of the stacks of SEM images acquired from the serial
sectioning were aligned using the align slices module using a least
squares algorithm in Avizo 9.0.0. The aligned images were ﬁltered
using the Fourier Filter (FFT Filter) which removes periodic noise
such as the vertical curtaining effects produced from the rocking
milling process as such the FFT ﬁlter was used at two angles that
match the rocking mill angles. A sharpening ﬁlter was subse-
quently applied to compensate for some blurring resulting from
the FFT ﬁlter. For the A508 Grade 3 data an edge preserving ﬁlter
and a median ﬁlter were then applied to improve the deﬁnition of
the voids, inclusions and carbides. The data was then segmented
using a semi-automated approach which combined a watershed
segmentation routine to label the large voids and a top hat seg-
mentation routine to label the carbides, both procedures are in-
corporated into Avizo 9.0.0 software.
The EBSD map obtained from the A508 Grade 3 steel was ac-
quired using a 20 kV electron beam energy, 4 nA current and
10 mm working distance. The following EBSD conditions were
used: 75 nm step size, 2.3 ms dwell time, averaged frames 4,Fig. 5. Typical preparation of a region for serial sectioning tomography data acquisition
and 1.3 mA, 180 nA and 59 nA to prepare the block for the serial sectioning. With the samp
(a) SEM image and (b) PFIB ion beam image of the same region (a vertical top down vi44 binning, 6 bands, RA and Hough¼60 giving an acquisition
rate of 95 Hz.
2.3. Serial sectioning procedure
Fig. 5 shows how a region of interest is typically prepared for
serial sectioning. The volume of interest is ﬁrst protected by de-
positing a protective top layer of (a Pt layer of 100100 mm2 and
1 mm thick is deposited with in about 10 minutes) covering the RoI
and extending sufﬁciently far to provide a uniform region where
the tracking ﬁducials can also be milled. A front trench is milled to
create a cross section and is accompanied by the excavation of side
trenches, which not only deﬁne the block for serial sectioning but
also control re-deposition during milling. Thus a block of material
is deﬁned which is to be serially sectioned. These blocks for serial
sectioning are typically prepared with a multistep milling proce-
dure using the PFIB at 30 kV and several beam currents, starting
with fast bulk cutting at 1.3 mA, followed by gentler milling at
180 nA to deﬁne the ﬁnal shape. In each case the maximum cur-
rent that is used to give the required surface ﬁnish needs to be
determined for each different type of material.
To successively reveal a series of equally spaced and parallel
slices, each with the exposed block face undamaged, we have
applied and reﬁned the rocking milling process integrated within a
fully automated routine. Once a cross-section is prepared (see
Fig. 5) in the region of interest rocking milling was used, alter-
nating between 7α (8°rαr8°) relative to the conventional
vertical, top–down, milling. This procedure is illustrated in Fig. 6.
To start, the sample was in the imaging position (sample tilted to
52° and 0° rotation) so that the ion beam is incident to the normalprepared using the PFIB. A multi-step preparation procedure used the PFIB at 30 kV
le tilted to 52° and with 0° rotation the block face is presented to the electron beam
ew).
Fig. 6. Rocking Polish Routine explained showing a diagrammatic view inside the FIB-SEM chamber (a) shows the sample in the imaging position of 52° tilt and 0° rotation
(b) rotation of 90° and tilt at 47° for the rocking polish step at 5° (c) rotation of 90° and tilt 5° for the rocking polish step at þ5°. The magenta beam represents the electron
beam and the cyan the ion beam.
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tron beam for imaging of the block face (Fig. 6a). The sample was
then subjected to a 90° compucentric rotation (i.e. rotation of the
sample by 90° around the centre of the image). The sample is then
tilted (which due to the rotation is now a tilt parallel to the cross
section length), in this example case the sample was then tilted to
47° giving a α¼5° offset (Fig. 6b). The face was milled at this
position before returning to the imaging position. After the image
of the block face was recorded the sample was rotated to 90° and
then tilted to 57° giving the α¼þ5° offset (Fig. 6c). After millingFig. 7. EBSD results acquired under the same conditions showing representative phase m
prepared by (a) BIB at 6 kV and 350 mA, (b) PFIB at 30 kV and 59 nA, (c) FIB at 30 kV and 2
same greyscale for comparison. Arrows indicate Co HCP phase.from this position the stage moved the sample back to the imaging
position. This sequence (Fig. 6a) b) a) c) a) b) a) c) ……) was re-
peated to build up the series of sections.
Within the automated routine ion beam tracking ﬁducial
markers (see Fig. 5) are used and recognised providing the pla-
cement of the milling location of the cross-sectional block face
slices. To improve accuracy three different images of the ﬁducials
are automatically recorded, one from each of the different tilt
positions α¼5°, 0° and þ5°. This avoids inaccuracies induced by
distortion of the ﬁducial image when recorded from the tiltaps (PM), band contrast (BC) maps and raw patterns for WC -11 wt% Co for surfaces
0 nA and (d) FIB at 30 kV and 1 nA. The band contrast maps are presented using the
T.L. Burnett et al. / Ultramicroscopy 161 (2016) 119–129 125positions. The FEI Slice and ViewTM (version 1.6) software in-
corporates a rocking polish as described above and was used in
this work.3. Results and discussion
3.1. Milling damage study using a WC–Co hard metal sample
Given the susceptibility of WC–Co hard metals to Gaþ FIB
milling damage [4,12], this material has been used to assess the
PFIB milling quality. Previously we have found that Arþ BIB pol-
ishing introduces only low levels of damage into this system
[10,11] and so it is used as a benchmark here. The electron back-
scatter diffraction patterns generated from the Arþ BIB prepared
surface (Fig. 7a) are very high quality with high indexing rates
(90%) for the WC phase and high band contrast metrics for Co
(245/255) (the metrics of the average greyscale level are given out
of a full scale of 255 for the band contrast from 8 bit EBSD maps)
and WC (180/255) (see Table 2).
The corresponding results for the PFIB operated at 30 kV and
59 nA are shown in Fig. 7b. Vertical top–down milling was used to
prepare this surface to give fair comparison with the FIB results, as
a result some curtaining can be seen which could be removed by
using the rocking polishing technique described in Section 2.3. The
EBSD indexing rate is only marginally worse, at 86% for the WC
phase, than that recorded for the low damage BIB milling (see
Table 2) with good values for WC (108/255) and excellent average
band contrast for Co (220/255).
It is evident from Fig. 7c that poor results are achieved when
using the Gaþ FIB at 20 nA (30 kV). The quality of the WC EBSD
patterns are degraded and are virtually unindexed (indexing only
8%) with very poor band contrast (40/255).
Fig. 7d shows that when the FIB is operated at 1 nA and 30 kV
the quality of the EBSD patterns is much improved (see Table 2)
being only slightly inferior to the results achieved with the PFIB
operated at 59 nA current with an indexing rate in the WC phase
of 76% and a band contrast average greyscale of 94/255.
With regard to the Co phase, the band contrast is only slightly
worse than for BIB and PFIB, but there is some evidence (blue
areas) that some regions of the Co matrix transformed from the
cubic into the hexagonal phase ( 3% HCP). The fact that different
areas were mapped due to the different times taken to prepare the
surfaces mean that we cannot make a quantitative comparison but
it appears that the extent of transformation observed (taking into
account regions that have developed during sintering [4]) in the
FIB section are greater than in the PFIB and BIB datasets. It is
possible that it is the chemical reactivity of the Gaþ ions that is
responsible for this transformation since this is not observed for
the noble Ar and Xe beams.
From this preliminary study we have seen that in order to get
equivalent results (in terms of EBSD mapping) on this material it
was necessary to prepare the cross section of the WC Co sampleTable 2
Metrics from the EBSD milling, comparing the band contrast grey level and in-
dexing rate as a function of the milling method and conditions used.
Tool Voltage Current Band Contrast Average grey
level
Index rate
(kV) (nA) WC Co (fcc) WC (%) Co (%)
Xeþ PFIB 30 59 108/255 220/255 86 92
Gaþ FIB 30 20 40/255 190/255 8 91
Gaþ FIB 30 1 94/255 210/255 76 93
Arþ BIB 6 350,000 180/255 245/255 90 95with 1 nA using the Gaþ FIB compared to 59 nA in the Xeþ PFIB.
The way we have assessed these results is by considering what the
maximum usable current is in order to achieve the results required.
This is somewhat difﬁcult to describe as there are many aspects to
be considered when it comes to determining what is an appro-
priate level of quality. As discussed in the introduction damage
introduced by ion beam milling has multiple aspects to it with
regards to chemical and physical interactions. As mentioned in the
introduction the reactivity of Gaþ is a clear but unquantiﬁed dif-
ferentiator compared to the chemically inert Xeþ ions. We ac-
knowledge that we discuss the cumulative effect of damage and in
reality there are several convoluted aspects to this but most no-
tably surface amorphization, implantation and induced lattice
strain. A far more detailed study is needed but is beyond the scope
of this work. The results presented here thus provide a benchmark
where we have found that we can utilise 60 higher current
(1 nA vs. 59 nA) to prepare surfaces of roughly equivalent quality
as determined by EBSD pattern quality from band contrast and
indexing rate recorded under identical conditions. We are also
likely to have beneﬁtted from an improved sputtering rate, al-
though this has not been not quantiﬁed.
An intriguing result is that there does appear to be an inﬂuence
of the current on the level of damage introduced to the specimen
independent from the accelerating voltage. A current of 65 nA is
available in the FIB but the resulting quality of the ﬁnished surface
that means that 1 nA must be used to prepare this surface when
the FIB is used. Considerable systematic work is required to map
this parameter space of accelerating voltage and current for both
the Gaþ and Xeþ milling parameters. The possibility of a chemical
interaction of the Gaþ with the WC is a clear possibility but un-
quantiﬁed here. Although glancing angle milling has been em-
ployed the higher current may have led to a higher dose of Gaþ
being imparted into the sample. Another possibility is that the
spherical aberration which leads to the Gaþ LMIS spot size rapidly
increasingly 45 nA [32] means that even 20 nA is ineffective for
preparing a cross section of this sensitive material for EBSD ana-
lysis. It is possible that the greater ‘tails’ on the cutting beam and a
divergence from the ideal grazing incidence of the ions impinging
on the cross section result in a deeper penetration and more ser-
ious physical damage. Further work is needed and custom aper-
tures should be used to avoid limitations relating to discretization
of the currents that can be used i.e. the present conﬁguration of
the PFIB provides currents of 59, 180, 470 and 1300 nA at the high
end.
3.2. Serial sectioning of WC–Co sample
Fig. 8 shows the ability of the PFIB to produce large volumetric
datasets of composite materials having signiﬁcant differences in
hardness and crystalline structure. Fig. 8 shows a 150
12080 mm3 3D volume of the WC–Co sample constructed from
790 slices, each 100 nm thick. The axes shown indicate the slicing
direction is along the Z-direction and the block face is the XY
plane. This WC–Co composite is composed of hard faceted WC
grains (Fig. 8) and relatively soft Co grains creating a ‘web-like’
structure of the Co grains, typically very large in size [4]. Different
orientations of the Co grains have a clearly different contrast due
to electron channelling contrast (see Fig. 8b) whereas WC grains
do not vary visibly in greyscale and WC–WC grain boundaries are
not clearly visible. WC grains in this composition are in an energy
state close to the equilibrium condition [46], thus it is expected
that the facets are well deﬁned, particularly for large WC grains.
SEM images conﬁrm this not only from the block face cut by PFIB
(in Fig. 8a), but also from ‘virtual sections’ reconstructed at dif-
ferent angles (in Fig. 8b) from the data set. This indicates that PFIB
is capable of precise cut positioning and milling of this sample as
Fig. 8. (a) Reconstructed volume of WC-11% Co of 15012080 mm3 prepared via SST using the PFIB at 30 kV and 59 nA, (b) shows a virtual slice in XZ plane (i.e. across all
the slices, (c) shows reconstructed WC grain and a part of a single Co grain.
T.L. Burnett et al. / Ultramicroscopy 161 (2016) 119–129126the analysed slices match up well and produce continuous and
linear facets in all 3 dimensions. In this dataset some minor cur-
taining was observed during data collection but only had a mar-
ginal effect and was effectively addressed using a FFT ﬁlter (see
Section 2.2). Fig. 8c shows large faceted WC grain (Note that the
slicing direction, Z, is different from Fig. 8a and b). WC grains often
have staircase-like bands (terraces) on the facets with a width of a
few tens of nanometres. In this example two types of staircase-like
features are observed. Since the voxel size of the reconstructed
volume is elongated in one direction (3030100 nm3) artiﬁcial
staircase-like facets are clearly observed along the Z (slicing) di-
rection and are an artefact of the serial sectioning slice not
matching up perfectly. The actual terraced bands on facets with a
width of a few tens of nanometres are observed as well (indicated
in Fig. 8c). The artiﬁcial terraces are o30 nm in ‘height’ and showFig. 9. SEM image of one slice recorded as part of the serial section series for the pressu
ﬁeld width is 160 μm and the pixel size 26 nm.a very good accuracy of the slicing and subsequent alignment such
that the ‘real’ terraces can still be clearly observed. This is another
indication that the automated SST using PFIB is capable of cutting
uniformly spaced large sections, well above 100 microns across,
with pixel resolution of dozens of nanometres.
3.3. A508 Grade 3 reactor pressure vessel steel sample
In this example we examined the capability of the PFIB to
prepare large 3D volumes of a bainitic steel sample. Fig. 9c shows a
135115 mm2 cross section taken from a 3D image stack com-
prising 186 slices of 80 nm thickness (15 mm total depth).
Fig. 10 shows a 3D representation of the voids (red) and in-
clusions (purple) captured within the total volume. A sub-volume
was also chosen from this volume (Fig. 10) and analysed in detailre vessel steel, recorded using the TLD detector at 5 kV and 0.69 nA. The horizontal
Fig. 10. An A508 Grade 3 bainitic reactor pressure vessel steel sample sectioned with FEI Helios plasma FIB-SEM at 59 nA Plasma current and 30 kV. The slice thickness is
80 nm and sectioned area is 135115 mm2 with the pixel size of 26 nm. FEGSEM imaging at 2 kV, 0.69 nA, TLD detector in ﬁeld-free mode. (a) An SEM image of the slice is
shownwith a visualization of the 3D voids in red and the MnS inclusions in purple. (b)SEM image of a sub-volume showing small voids and carbides, (c) carbides are labelled
in blue and the voids labelled in red, (d) 3D visualization of all the carbides and voids in this sub-volume. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
T.L. Burnett et al. / Ultramicroscopy 161 (2016) 119–129 127in Fig. 10b–d) revealing a population of smaller voids related to the
carbides. In this case the ability to observe a large 3D volume in
this manner has allowed multiple voids ranging from 100 nm to
450 mm in size to be characterized. It is clear that in each case
there is an inclusion or a carbide associated with the voids andFig. 11. Images (a) and (b) are EBSD orientation maps shown in Euler colours. A magniﬁ
(left) and a higher resolution map of the bainitic carbide distribution (oriented to show
using an TLD detector and ﬁeld-free mode. (For interpretation of the references to colothat the largest voids are typically associated with manganese
sulphide (MnS) inclusions, the composition of which has been
conﬁrmed by EDX (not shown). At a ﬁner scale 100–300 nm sized
carbides are evident: these are located on lath boundaries as
shown in Fig. 10b, c, d. The complex microstructure was revea-ed region of interest taken from Fig. 9 containing the large void and the inclusion
interlath distribution) (c) a band contrast map and (d) an SE SEM image collected
r in this ﬁgure legend, the reader is referred to the web version of this article.)
T.L. Burnett et al. / Ultramicroscopy 161 (2016) 119–129128led with strong crystallographic electron channelling contrast al-
lowing the relationship of the voids of different scales to be related
to the microstructure. The surface ﬁnish is excellent although
there is evidence of some light curtaining. As expected these
curtains change direction as per the alternate direction employed
in the rocking mill. The limited size and clearly deﬁned boundaries
of the regions most affected by curtaining suggest that these were
regions of similar crystallographic orientation. These light curtains
(i.e. no black or white signal saturation) were effectively removed
by post processing and have negligible impact on the ability to
identify the different microstructural features.
Fig. 11 shows EBSD results from the ﬁnal slice of the same re-
actor pressure vessel volume. The resulting EBSD dataset shown in
Fig. 11a shows very high levels of indexing (89%). It is clear from
Fig. 11c that the surface quality (band contrast) is excellent despite
the very fast milling rate (59 nA at 30 kV). Indeed, it appears that
most of the non-indexed points are associated with grain and sub-
grain boundaries and the edges of the mapped area, which ex-
perienced some shadowing.
3.3.1. Concluding remarks
Emerging plasma Xeþ PFIB-SEM technology offers the promise
of a fast and low damage means of milling samples at high rates
and with considerable ﬂexibility. Based on the concept of max-
imum usable current for the SST with dual beams, our results have
shown that Plasma Xeþ FIBs are capable of material removal rates
some 60 greater than conventional Gaþ FIB systems with
comparable or less damage. To date there is very little established
literature on the use of Xeþ PFIBs for milling and serial sectioning
and hence the optimisation of the milling procedures is still very
much in its infancy. It is possible that with further process opti-
misation it may be possible to push the milling currents yet higher
and also improve the quality at a given current. More work re-
mains to be done to assure the ﬂatness and parallel nature of serial
sections but the preliminary results look very promising. The point
at which the Xeþ PFIB becomes preferable for milling duties
compared to the Gaþ FIB appears to be at slightly lower currents
than previously thought but is in the tens of nA range. The de-
convolution of the different aspects of physical and chemical da-
mage to understand the different results achieved using the Gaþ
compared to the Xeþ beam chemistries remains a challenge that
would merit quantiﬁcation.
Further work remains to establish the optimal and the
acceptable (faster) milling conditions for a wide range of materials.
To date we have examined several Al, Ni, Co alloys, ferritic and
austenitic steels, paint, WC, olivine, device materials and dentin all
with good results although the conditions must be tailored spe-
ciﬁcally for each material. Going forward it will also be important
to establish the levels of implantation damage or residual stress
introduced by Xeþ PFIB milling along the lines of research already
carried out for conventional FIB [47]. Our preliminary results seem
to suggest that the levels of damage are lower despite the higher
milling currents.
While the use of FIB-SEMs to address materials issues has been
widespread over the last 10 years, the volumes accessible via serial
sectioning to produce 3D images within reasonable timescales
have been frustratingly small. In many cases an analysed volume
of only tens of microns means that the VoI contains few grains or
grain boundaries. With volumes potentially 1000 greater re-
corded in practical timescales it looks like the PFIB will overcome
this issue. There is much work to be done to understand how
different materials behave under milling by the PFIB and it is
certain some new strategies will need to be developed.
In view of the faster materials removal rates, the Xeþ PFIB-SEM
can act as a critical link between non-destructive X-ray imaging
methods and destructive serial sectioning methods within acorrelative tomography framework, as recently proposed [19].
There are many cases where micron-sized features of importance
that lie hundreds of microns beneath the surface can be identiﬁed
and located by microscale X-ray CT for subsequent excavation by
PFIB either for subsequent non-destructive examination in more
detail by nanoscale X-ray CT [48,49] or for subsequent large vo-
lume serial sectioning possible in the PFIB-SEM itself or for higher
resolution TEM. Further, there is interest in excavating small vo-
lumes of interest for mechanical evaluation. Such a VoI which
might incorporate an inclusion say, or might be taken from a near
surface white layer, hydrogen embrittled region or radiation ex-
posed surface layer for subsequent micro-testing and performance
evaluation either as pillars [50,51], cantilevers [52,53] or tensile
test-pieces [54].
Of course other issues remain with respect to the collection of
3D datasets; most obviously the acquisition time and the com-
puter resources required to store, analyse and visualise high re-
solution 3D datasets. This may well require a smarter approach to
the collection of such data because while it may take several
minutes to mill a 200200 mm2 slice in the PFIB it takes sig-
niﬁcantly longer to collect an EBSD image or an EDX map at high
resolution over that area. This problem becomes very signiﬁcant if
3D EBSD or 3D EDX maps are required. Nevertheless initial in-
dications suggest that emerging Xeþ PFIBs could signiﬁcantly ex-
tend the capability of 3D destructive serial sectioning.Acknowledgements
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